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Introduction
T he establishment of cell polarity is critical for a many cell functions such as division, migration, and directional transport of nutrients and chemical messengers. Microtubules (MTs) are important for establishing polarity in migrating cells [Levy and Holzbaur, 2008] and MTs stabilized by tubulin acetylation help to regulate actin polymerization necessary for extending the cell front [Kaverina and Straube, 2011] . MTs are nucleated at the centrosome, one of the major microtubule organizing centers (MTOC) within the cell, and thus the position of the centrosome affects the spatial density of MTs as well as the vesicles that move along them. Although matrix stiffness has been shown to impact cell migration Wang, 1997, 1999; Lo et al., 2000; Peyton and Putnam, 2005; Fischer et al., 2009; Stroka and Aranda-Espinoza, 2009; Ulrich et al., 2009; Sunyer et al., 2016] , division [Klein et al., 2009; Winer et al., 2009; Gilbert et al., 2010] , differentiation [Engler et al., 2006; Tse and Engler, 2011] , and actomyosin contractility [Beningo et al., 2006] , its effects on cell polarity remains unexplored. It was, however, previously shown that the Golgi apparatus polarization was affected by matrix stiffness in wound healing assays [Ng et al., 2012] , providing some suggestion that matrix stiffness can influence cell polarity.
The polarization of actomyosin organization and contractile activity are strongly modulated by the effect of matrix compliance on focal adhesions [Prager-Khoutorsky et al., 2011] . At the same time, there is evidence of a crosstalk between the MT system and the actomyosin cytoskeleton [Rodriguez et al., 2003; Even-Ram et al., 2007; Rape et al., 2011; Akhshi et al., 2014] , and thus it is likely that the polarization of one of these may influence the other in the context of directed cell migration in various environmental contexts. To test this possibility, we decided to use human mesenchymal stem cells (MSCs) as they have been measured to migrate quite fast in vitro [Maiuri et al., 2012] , and must face various spatial and mechanical environments to mobilize to sites of inflammation within the body. We find that the extracellular matrix (ECM) stiffness influences the position of the MTOC in MSCs by polarizing it in front of the nucleus only when the matrix is sufficiently stiff (5-6 kPa). We observe strikingly low densities of MTs in the lamellapodia of cells on soft surfaces, while on stiff matrix MTs begin to fill lamellapodia. We have previously demonstrated that ECM stiffness can change the polarity of myosin-IIB (MIIB) distribution within MSCs . Trying to assess how these changes in the actomyosin organization are coordinated with the MT cytoskeleton, we found that MIIB is localized to the cleavage furrow in cells dividing on soft gels. However, delocalization quickly occurs as the cells begin to crawl away from each other. Furthermore, using patterned matrix in the shape of polarized migrating cells, we deduce that migration is also required for this MTOC by keeping the nucleus rearward as cells polarize.
Results

In Wounded Monolayers, the MTOC is Polarized in Front of the Nucleus on Stiff Matrix but Randomly Positioned on Soft Matrix
A wound assay was created on gels to induce collective cell migration of MSCs and we then tracked microtubuleorganizing center (MTOC) orientation as the cells infiltrated the wound. Gels cannot be scratched without damaging the gel surface which would pose a topological barrier to cell migration. To prevent this from being an issue, a spacer was placed on the gel prior to seeding cells, and cell migration was initiated upon lifting the spacer off the gel. Despite being on soft or stiff matrices, cell sheets migrated into the 'wound' with only small differences in their migration rate (Fig. 1A, Supporting Information Fig. S1A,B) , which falls in line with past results with epithelial cells [Ng et al., 2012] . However, we found a striking difference with matrix stiffness in the location of the MTOC (Fig. 1B) : on soft matrix, MTOCs were almost random in location with respect to the nucleus (MTOC polarization ratio 1), whereas on stiff matrix, there were 3 times more cells with the MTOC positioned in front of the nucleus (ratio 5 3). Past results with other cells of mesenchymal origin migrating on scratched coverslips have also shown frontward polarization of the MTOC [Gomes et al., 2005; Luxton et al., 2010] , but results shown here appear to be the first showing this is suppressed in cells migrating on soft matrix.
We also found a reduction in wound closure with myosin-IIA (MIIA) depletion and a slight increase with myosin-IIB (MIIB) depletion (Supporting Information Fig.  S1C ), reminiscent of past results with single cell migration of MSCs . We also found that the rates of cell division of MSCs were not different between soft and stiff matrix (Supporting Information Fig. S2 ), indicating that proliferation is not a significant factor in wound closure rates.
Sparse Migrating MSCs polarize MTOC in Front of the Nucleus Only on Stiff Matrix
In order to assess whether the MTOC polarization phenotype above was unique to collective cell migration during wound healing, sparse cell cultures on gels were also examined. MSCs fixed and stained for localization of the MTOC and MTs typically showed their frontward positioning on soft gels but not on stiff ( Fig. 2A) . Tracking the position of the MTOC in MSCs expressing ds-Red-Centrin revealed MTOC's rearward positioning during migration (Fig. 2B ). MSCs displaying a polarized migrating shape were evaluated for MTOC polarization (Fig. 2C) . MTOC position appeared nearly random in cells migrating on soft 1 kPa matrix (Fig. 2C ), meaning that as many cells exhibited rearward positioning as frontward polarization. However, cells on high gel stiffness and also cells on collagen-coated glass, 80% of the cells (ratio 5 4) exhibited polarized positioning of the MTOC. The result was evident for less spread (smaller) migrating cells in addition to well-spread (larger) cells -which will be important later when MSCs are placed on patterns of constant area on gels of different stiffness.
Interestingly, with increasing stiffness, the MTOC polarization ratio increases dramatically at an intermediate elasticity, with a mid-point elasticity of K 5 kPa (Fig. 2C) . Many tissues such as brain tissue, liver, and fat have been measured to be softer than this [Discher et al., 2005] . Cells typically spread more on stiff matrix, and this value of K is similar to the matrix elasticity that yields half-maximal spreading of MSCs in a noncooperative, sigmoidal fit of projected cell area [Rehfeldt et al., 2012] . A similar K of 6.9 kPa was also obtained from a noncooperative, sigmoidal fit of matrix elasticity dependent rearward-polarization of the minor myosin-II isoform, myosin-IIB (MIIB) -as we recently showed . The same study also showed that MIIB polarization depended on the activity of MIIA. We therefore knocked down both myosin isoforms separately and found that both knockdowns suppressed frontward polarization of the MTOC on stiff matrix (Fig.  2C ). This means that MTOC polarization is hypersensitive to myosin levels. Perhaps even more interesting is that there is 10-fold less MIIB than MIIA in these MSCs suggesting that MIIB is critical for MTOC polarization. Microtubule stabilization toward the cell front on rigid substrates has been previously reported as coupled to myosin-II activity [Even-Ram et al., 2007] .
Additionally, when cells on either soft or stiff gels were covered in soft collagen matrix to create a 3D culture environment, the same trend in frontal polarization of MTOC persisted (Fig. 2D) ; a stiffer underlying matrix still caused a higher degree of frontward MTOC positioning. The polarization on stiff 34 kPa was not as pronounced (2.6; P < 0.05) which we attribute to cell interaction with the soft collagen surrounding the cell in addition to the stiff matrix underneath. The results are statistically the same as in collective sheet migration above (Fig. 1) , suggesting that matrix stiffness has the strongest effect on polarity when cells are isolated, but when cells are in contact with each other or surrounded by very soft collagen, then the stiff gel's effect on polarity is partially suppressed.
These results for stiff substrates appear consistent with findings for fibroblasts on rigid glass coverslips by Gundersen and coworkers [Gomes et al., 2005; Luxton et al., 2010] who described frontward polarization of the MTOC as a consequence of the nucleus being pulled backwards by myosin-II. This prior work evaluated MTOC location with respect to the cell centroid, which prompted us to examine MTOC and nuclear centroid position relative to cell centroid for the various cell populations on soft and stiff matrix (Fig. 2E ). Data were segregated into two different populations, the first being instances in which the MTOC is positioned in front of nucleus (filled in points) and the other when the MTOC is positioned behind the nucleus (empty points). Consistent with Gundersen and coworkers [Gomes et al., 2005] , on stiff matrix, the nucleus was located behind the cell centroid independent of MTOC position. On soft matrix, however, the nucleus appeared in front of the cell centroid when the MTOC was behind the nucleus (which occurred in roughly half of cells; Fig. 2E ). To summarize, on soft matrix which causes a general reduction of contractility and MIIB polarization , cells also fail to pull the nucleus rearward.
Microtubule Density Frontward Polarizes on Stiff Matrix
Microtubules often are reported to be frontward-polarized in cells on rigid substrates [Ezratty et al., 2009; Manneville et al., 2010] , and so its importance in establishing cell polarity prompted us to check the distribution of MTs in cells on gels. Line scans were taken from the back to the front of the cell, and the results for the cells depicted in Figure 3A are shown in Figure 3B . The cell front was determined by the presence of a lamellipodia visualized by F-actin staining. Unique to cells on soft matrix, more than half the cells possess a lamella region that is strongly Cell transfected with dsRed-Centrin was imaged migrating on soft 1 kPa matrix. The MTOC was located behind the nucleus during migration. Dashed line indicates direction of migration, arrowheads point to MTOC. Scale bar 20 mm (C) The ratio of the number of cells with MTOC in front of nucleus to the cells that have the MTOC behind nucleus. A schematic picture represents how the MTOC was considered in a "front" or "rear" position based on the migrating phenotype of a lamellipodium in the front and a tail in the rear. When MIIA (blue) or MIIB (black) is depleted, the MTOC fails to polarize to the cell front despite being on stiff matrix. Error bars SEM. N 5 3, n 25, *P < 0.05. (D) For PA gel stiffnesses of 1 and 34 kPa, a soft collagen was overlaid on top of the gel and the cells migrating on the surface were assessed for MTOC polarization. (E) The data from (C) was separated so that the instances the MTOC was in front of the nucleus (white background, filled shapes) was separated. The average distance between the cell centroid and the nucleus center was plotted and again the instances when the MTOC was behind the nucleus was differentiated from when it was behind. The nucleus was more rearward positioned in cells on stiffer matrix as the nucleus move closer to the rear. depleted of MT (Fig. 3A , Supporting Information Fig. S4 white arrows) rather than exhibiting the more typical enrichment on stiffer matrix (Fig. 3A , Supporting Information Fig. S4 ). Stiffer matrix promotes higher densities of MTs in front of the nucleus (Fig. 3B ,C) and the data fits a sigmoidal curve similar to the MTOC data (Fig. 2C ). The consistency of MT polarization on stiff matrix reflects the consistency of MTOC polarization (Figs. 1 and 2). We attribute this low MT density to a thinner, more unstable lamellipodium of MSCs on soft 1 kPa matrix as is also visible in phase contrast microscopy (Supporting Information  Fig. S1 , S3, 1 kPa) as has been reported previously for fibroblasts [Pelham and Wang, 1997] . A hyperbolic fit of (Rear/ Front) as a function of Elasticity shows polarization of MT varies as previously shown for MIIB and cell area [Rehfeldt et al., 2012] with a transition from soft to stiff matrix at a stiffness of K 5 5.9 kPa. This result reinforces the notion that polarization is one more aspect of a generalized, collective response to increased matrix stiffness.
Myosin-IIB Localizes to the Cleavage Furrow during Cytokinesis and Quickly Depolarizes as Cells Pull Away from Each Other on Soft Gels
We showed that MTOC polarization on stiff matrix depends on myosin (Fig. 2C) . It has been shown in many cell types that myosin-IIB polarizes on stiff surfaces [Vicente-Manzanares et al., 2009] but does not polarize on soft gels during MSC migration . We then asked whether MIIB polarizes during cytokinesis on soft gels since it has been known that nonmuscle myosin localizes to the cleavage furrow during this stage in the cell cycle [Straight et al., 2003 ]. If there is MIIB polarization during cytokinesis on soft gels, at what point in time does the cell lose the MIIB polarization? During cytokinesis, the microtubule cytoskeleton is clearly polarized, thus we looked at polarization of myosin. The varying stages of cell division were evaluated based on the phenotype of the DNA, and these cells were evaluated for MIIB polarization (Fig. 4A) . During division on soft gels, we observed MIIB polarization in the cleavage furrow, evident in the confocal image (Fig. 4A bottom) , and a schematically drawn cross-sectional view of the MIIB in the cleavage furrow is shown to illustrate localization ( Fig. 4A bottom, right) . As cells undergo division and the chromosomes separate, there is an MTOC on either side of the set of chromosomes. After division, the two daughter cells begin to migrate away from each other and each new cell forms a cell front and the region where the cleavage furrow (mid-zone) had been becomes the cell rear for both cells. This is how "front" and "rear" of the cell are defined for the data on polarization of MTOC and MIIB (Fig. 4B) .
The polarization of MIIB as MSCs divide and pull away from each other on 1 kPa stiffness are quantified in Figure  4B . In Figure 4B (top images) sequential images of MIIB during the progression of cytokinesis on soft 1 kPa gels are shown. In the leftmost image, as the cell is initially rounded up before chromosomal separation, the MIIB is uniformly distributed throughout the cell. Next, when the DNA has separated into two distinct structures, there is a localization of MIIB at the cleavage furrow. As cell division progresses with time, this MIIB localization diminishes. Cytokinesis time was set to zero when the cell was rounded up before chromosomal separation, and then the next time point was The Front/Rear fluorescence is quantified as the ratio of the front half of the cell over the rear half on either side of the nucleus. The ratio for F-actin is plotted vs matrix elasticity and is compared to MTs. MTs polarize to the front of the cell with increasing matrix stiffness. Error bars SEM from N 5 3, n 43, *P < 0.05. identified when there were two distinct DNA structures. The ratio of the amount of MIIB located in the midzone of the cell to the MIIB in the front halves of the cells was quantified in Figure 4B and increased sharply after the chromosomes separate. Over the course of cytokinesis, this ratio of MIIB polarity decreases until the cells finally separate and begin to crawl away from each other when the MIIB is fully depolarized. Fitting the data with an exponential decay, the time constant for depolarization s 5 36 min. Figure 4C schematically illustrates the changes in polarity of MIIB in dividing cells on soft matrix.
Cells Immobilized on Patterns Still Exhibit Stiffness Dependent MIIB Polarization but MTOC Does Not Polarize
To address whether cell migration is required for the observed cell polarization, we decided to immobilize MSCs on patterned gel surfaces that forced the cells into a crossbow shape similar to a migrating cell. Cells were seeded on these patterns on either soft 6 kPa or stiff 34 kPa gels (Fig.  5A ). Gels with stiffness less than 6 kPa were not used because they did not retain a sufficient amount collagen on the surface. After allowing several hours for cells to spread and conform into the polarized shape of the crossbow, MIIB polarized to the rear end of the cells on stiff gel patterns (Fig. 5B) , whereas MIIA was more evenly distributed throughout the cell. Line scans across the entire pattern were made from front to rear to quantify the extent of MIIB polarity (Fig. 5C ). Hence cells immobilized on patterns still were able to polarize their MIIB on stiff matrix even without migrating. MSCs on soft matrix patterns did not polarize their MIIB (Fig. 5C ), similar to MSCs freely moving on soft unpatterned gels. It appears that MIIB polarization depends on the underlying substrate but not on migration.
Next we asked whether the polarization of the MTOC depended on stiffness when cells were confined to patterned gels. We found the MTOC centered within the shape of the pattern on both soft and stiff gels (Fig. 5D,E) . Because we observed the MTOC in front of the nucleus on stiffer matrix (Fig. 2) , we expected that the MTOC would similarly be in front of the nucleus for cells on stiff matrix patterns of polarized shape. However, the MTOC did not polarize significantly from the nucleus center (Fig. 5E , black squares) even on stiff gel patterns. Although the difference between the soft and stiff gel patterns was that the average distance between the nucleus and the center of the pattern was greater, meaning that the nucleus position was more centered for cells immobilized on stiff matrix (Fig. 5F ).
Discussion
Many reports have documented centrosome positioning in front of the nucleus during cell migration [Gomes et al., 2005; Burke and Roux, 2009; Vicente-Manzanares et al., 2009 ], but some exceptions to this phenomenon have also been described [Schutze et al., 1991; Doyle et al., 2009; Distel et al., 2010] . Cells migrating inside soft collagen gels [Schutze et al., 1991] , decellularized matrix [Doyle et al., 2009] , or in vivo within soft brain tissue [Distel et al., 2010] , all show examples of an unpolarized centrosome. In all of these contexts cells are in fact migrating in soft environments: measurements made directly on these types of extracellular matrix show that collagen gels are 'soft' , as are decellularized matrix [Petrie et al., 2012 ] and brain tissue [Discher et al., 2005] all in the range of 1-2 kPa. Here, we show that the MTOC is positioned in front of the nucleus in cells migrating on stiff gels but by contrast when cells migrate on soft matrix the MTOC position randomizes. This stiffness-dependent positioning occurs in cells that migrate as isolated cells (Fig. 2) and also as collective sheets of interconnected cells in a wound healing model (Fig. 1) . Similar results with polarization increasing with stiffer matrix using the Golgi apparatus as the marker for cell polarization were observed in the collective migration of epithelial cells [Ng et al., 2012] . The Golgi and centrosome are in close proximity in polarized cells [Th ery et al., 2006] .
We show that knocking down either MIIA or MIIB prevents MTOC polarization in isolated migrating cells (Fig.  2) . In migrating cells, soft matrix limits polarization of MIIB . But during cytokinesis, a process where nonmuscle myosin localizes to the cleavage furrow [Straight et al., 2003 ], MIIB indeed localizes transiently even on soft matrix (Fig. 4) . A possible explanation for this polarization is that during cytokinesis the cell is in a high tension state [Lafaurie-Janvore et al., 2013; Sedzinski et al., 2011] . As the cells begin to separate from each other after cytokinesis, they are likely exiting from their high tension state when on soft matrix, and thus losing their MIIB polarity.
When cells were constricted to specific polarized shapes on micropatterned gels, MIIB was polarized to the thick actin bundles in the rear of the pattern on stiff matrix but this was not the case on soft gels (Fig. 5C ). This suggests that MIIB polarization does not depend on the cell's migration process, but rather depends on the cells contractile state which increases on stiff matrix [Discher et al., 2005; Beningo et al., 2006] . Moreover, any general difference in shape and size of cells between soft or stiff gels is not the reason for the difference in MIIB polarization because the patterned cells were the same in shape and size. While MIIB was able polarize in cells on stiff gel patterns, the MTOC location was centrally localized in cells on both soft and stiff gels (Fig. 5D,E) . These data suggest that migration is necessary for MTOC/nucleus polarization. This falls in line with what others have reported that when cell migration in wound assays is inhibited by lack of LPA, the nucleus fails to be pulled back to polarize the MTOC in front [Luxton et al., 2010] . Others have reported that the MTOC is centralized in cells on crossbow patterns (on stiff glass), and that the nucleus is slightly pulled back making the MTOC seem frontward [Th ery et al., 2006] . However, the ellipsoidal nucleus in the past work has the long-axis left to right, whereas the ellipsoidal nuclei here are polarized in the up-down direction (Fig. 4B,D) . Our results also show a centralized position of the MTOC on stiff, but tended to be farther from the pattern center on soft. Cell height and spreading might also require further investigation. The reason for the central location of the MTOC could be explained by microtubule ends pushing the cell boundary, thereby forcing a centralized location of MTOC when cells are immobilized on patterns, matching the work of others in vitro on MT polymerization forces [Letort et al., 2016] . Collectively, these results demonstrate that cytoskeletal polarity depends on matrix stiffness and that there is an additional dependence on cell migration for polarity of the MTOC which is not required for MIIB polarity.
Materials and Methods
Polyacrylamide Gels
Twenty-five millimeter circular glass coverslips were treated first with ethanol, then RCA solution (1:1:3 for 15N NH 4 OH:30% H 2 O 2 :dH 2 O), and functionalized with 1% allyltrichlorosilane and 1% triethylamine in chloroform solution. N,N 0 methylene-bis-acrylamide (Sigma) and the acrylamide solution (40%, Sigma) was mixed at the final concentrations in PBS. For 1 kPa gels, 3% acrylamide and 0.11% bisacrylamide was used and for 34 kPa, % acrylamide and 0.3% bisacrylamide was used. Solution was polymerized on a coverslip with 0.1% ammonium persulfate and 0.1% N,N,N 0 ,N 0 -tetramethylethylenediamine. During polymerization, gels were covered with another coverslip that was pretreated with dichlorodimethylsilane. SulfoSanpah (Pierce) was diluted in HEPES buffer pH 8.0 to 0.5 mg/mL and 300 lL was added to the gel and then reacted using 365 nm UV light for 10 min. Excess SulfoSanpah was removed by two washes of buffer. Type I rattail collagen was diluted to 0.2 mg/mL in HEPES buffer pH 8.0 and incubated with the gel at 48C for 4 hours. Collagen was removed and the gel was equilibrated with PBS. MSCs were plated onto gels within 24 hours of collagen attachment.
Cell Culture, Pharmacological Perturbations, and Transfections
MSCs purchased from Lonza and were used at p3-p6 for all studies and were cultured in low glucose DMEM supplemented with 10% FBS and 100 lg/mL Penicillin and 100 uM Streptomycin. To image the position of the centrosome in migrating cells, MSCs on 1 kPa gels were transfected with dsRed-centrin using Lipofectamine LTX with Plus (Invitrogen) using 0.5 lg DNA plasmid per 200 lL optimum solution and then imaged the next day. Racemic blebbistatin (EMD Biosciences) was used at 50 lM, and cells were pretreated with mitomycin C (Sigma) for 2 hours before trypsinizing and replating onto gels.
Fixation, Immunostaining and Microscopy
Cells were fixed with 3.7% formaldehyde (Sigma) in PBS for 10 min at RT, followed by PBS washing 23 for 5 min. For microtubule staining, cells were fixed with 2.5% formaldehyde and 0.15% glutaraldehyde in PBS for 10 min at RT followed by quenching with 0.5 mg/mL sodium borohydride (Sigma) in PBS for 5 min 33. Blocking and antibody staining was done in 1% BSA in PBS. Rabbit polyclonal ant-pericentrin antibody (Abcam) was used to stain for the MTOC at 1:1000 dilution, anti-myosin IIA antibody (Sigma) was used at 1:100, antimyosin IIB antibody (Cell Signaling) was used at 1:150, anti-a-tubulin (Sigma) at 1:2000 and all primary antibodies were incubated at RT for 1 hour or overnight at 48C. All secondary antibodies (Alexa dyes 488, 564, 647) were used in staining for 1 hour at RT at 1:300 dilution. TRITC-phalloidin (Sigma) was used with the donkey secondary antibodies at a concentration of 100 ng/mL and Hoechst 33342 (Invitrogen) was used to stain DNA at a concentration of 1 mg/mL for 10 min at RT. Imaging for quantification of MII levels and localization was performed using an inverted microscope (IX-71, Olympus) with a 40x LUCPlanFLN objective (NA 0.60) and a Cascade CCD camera (Photometrics). Image acquisition was performed with Image Pro software (Media Cybernetics, Inc.) and subsequently background was subtracted and image analysis was done using ImageJ.
Image Analysis
Front/Rear fluorescence polarization of F-actin, myosins, and microtubules were determined by drawing a line 6-10 mm in width (Fig. 3A) from the cell rear to front and plotting the fluorescence vs length. For microtubule measurements in Figure 3 , distances in front of the nucleus and back of the nucleus (from nuclear edge) to cell edges were cut into half. The ratio of the different halves closer to the nucleus was plotted. For dividing cells, the MIIB Polarization was calculated by taking the ratio of the average fluorescent value of the half farther from the cleavage furrow (front) to the average fluorescent value of the half closer to the cleavage furrow (midzone).
AFM Indentation
An Asylum 1-D Force Microscope (Asylum Research, Santa Barbara) was used quantify the elastic modulus of the gels. A pyramid tipped probe with spring constant 30-100 pN/ nm (MCST, Veeco) was used for measuring gradient gels and the AFM head was placed over an inverted microscope (Nikon).
Time-Lapse Cell Imaging
Phase contrast imaging was done at in a controlled chamber at 378C and 5% CO 2 using an inverted Olympus IX-70 microscope with a 103 or 203 phase objective, using 300 W xenon lamp illumination, and a Photometrics CoolSnap HQ high-resolution CCD camera. Deltavision Softworx software as used for acquiring images. For centrosome tracking and cell division imaging, images were acquired in 3 min intervals for 2 hours. ImageJ was used to track the center of the nuclei.
Collagen-I Overlay
MSCs were seeded onto collagen coated polyacrylamide gels and allowed to adhere for 1-2 hours. Media was removed and 1.65 mg/mL collagen in neutral buffered solution was added to the PA gel surface and allowed to gel for 1 hour at 378C followed by the addition of media. Cells were fixed and stained as previously described [Fischer et al., 2009] . In brief, samples with fixed with 3.7% formaldehyde in PBS with 0.1% Triton X-100 for 30 min at RT and then rinsed with PBS with 0.25% Triton X-100 for 30 min. PBS with 0.5 mg/mL NaBH 4 was added to reduce autofluorescence for 10 min at RT twice. Samples were subsequently blocked with PBS with 2% BSA, 1% goat serum, and 0.25% Triton X-100 overnight at 48C. Primary antibodies were diluted in PBS with 0.25% Triton X-100 with 2% BSA and 1% goat serum at 48C overnight. After rinsing for 30 min in PBS, secondary antibodies at 1:300 were added and incubated for 2.5 hours at RT.
Micropatterned Gels
Activated micropatterns with area of 1600 mm 2 (CYTOO) were incubated with 20 lg/mL rat tail collagen-I (BD Sciences) in PBS for 2 hours at room temperature, then washed 3x with PBS. Polymerizing polyacrylamide drops were placed atop glass coverslips treated with ATCS (see above) and then the micropatterned glass (excess moisture removed with a kimwipe) was placed above. To conserve micropatterns, a glass cutter was used to break the micropatterns into smaller pieces which could be used to make more micropatterned gels. Very little collagen transferred from the micropattern to the gel for 1 kPa gels, so 6 kPa was the lowest stiffness which still allowed enough transfer of collagen to the gel that was comparable to the stiff 34 kPa gel. Micropatterned gels were placed into 6 well plates and 4 mL of media with well mixed 40 k MSCs was added to each well. After letting the MSCs sink to the bottom for 10 min, MSCs were incubated on the gels and were allowed to spread and polarize for 4-6 hours before fixation. Image analysis for the localization of MIIB and MTOC was done using CYTOO guidelines and their custom code in ImageJ. Collagen was immunostained using a mouse anticollagen antibody at a 1:1000 concentration (Sigma) to label the pattern for the CYTOO code to identify the patterns.
Mask Wound Assay
Inserts (ibidi) were gently placed atop PA gels made with gridded coverslips (EMS). 70 lL of MSCs at a density of 10 5 per mL was added to each well, and gels were the placed in the incubator. MSCs were allowed to adhere for 2 hours and then the insert was removed and fresh media was added. MSCs were either fixed after 2 hours with 2.5% formaldehyde and 0.15% glutaraldehyde for pericentrin and microtubule staining or were imaged with a 43 phase objective every few hours for a 24 hours period to observe wound closure. Table shows the results of the curve fits using both 1 kPa and 34 kPa data for each curve. 
